The cold isostatic pressing method was used as a post-treatment process for enhancing the power conversion efficiency and stability of carbon-based perovskite solar cells without hole transport materials.
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In the past few years, organic-inorganic hybrid lead halide perovskite solar cells (PSCs) have demonstrated enormous potential for next generation photovoltaics because of their ease and low cost of fabrication in combination with high power conversion efficiency (PCE). In fact, solar cells employing solution-processed hybrid perovskite materials as light absorbers have surpassed 22% PCE, 1 which is on a par with the most mature photovoltaic (PV) technologies (multi-crystalline Si, 21.3%). Nevertheless, PSCs still need to surmount challenges to their stability, low cost, reproducibility and industrial scaling-up before they can enter the pantheon of breakthrough commercial PV technologies. Therefore, several strategies [2] [3] [4] [5] [6] [7] [8] [9] [10] have been developed by integrating these solution-processed perovskite compounds to address the aforementioned issues. Among these strategies, carbon-based PSCs have received wide attention by many research groups [11] [12] [13] [14] [15] [16] since the rst report in 2013. 10 In comparison to other types of PSCs, carbon-based PSCs without hole-transport materials (HTM) take full advantage of the superior properties of perovskite-type absorbers such as long charge carrier diffusion length and high mobility. [17] [18] [19] In this case, the non-use of HTM can save the material expense, simplify the fabrication procedures and enhance the stability of PSCs. More importantly, carbon-based PSCs without HTM can be fabricated by full-printing process, which would be of great benet to scale up the solar devices for commercial applications. However, like anything else, the carbon electrodes have their shortcomings such as low-conductivity and loose porous structure. Typically, the thickness of carbon electrode was controlled at about 10 mm to ensure conductivity and properly ltration of perovskite precursor. Hence, high cell resistance along with uncontrolled crystallization of the perovskite precursor solution in carbon-based PSCs are the limiting factors for their further development. 10, 20 At this point, some specic and innovative strategies must be employed to address the above problem.
Based on our previous experience, 21, 22 cold isostatic pressing (CIP) can be used to compress the mesoporous TiO 2 beads to obtain good connection between the beads. Since the carbonbased PSCs have similar mesoporous structure to the TiO 2 beads, we believe that CIP could have positive effect on reducing the overall resistance of the cell. In this work, we employed CIP as a post treatment for carbon-based PSCs. The results showed that this CIP treatment can not only enhance the compactness of the porous layers, but also provides a pathway to fabricate high performance carbon-based PSCs with high humidity resistance. The carbon-based PSCs were fabricated by the procedures reported previously. 23 Briey, TiO 2 compact layer was rstly deposited on FTO substrate by aerosol spray pyrolysis method. Then, TiO 2 , ZrO 2 and carbon mesoporous lms were successively deposited on the TiO 2 compact layer (see Fig. 1a ). Aerwards, FA x MA 1Àx PbI 3 perovskite was loaded by immersing the as-prepared lms lled with PbI 2 in FAI/MAI (0.79 : 0.21 in mole ratio) 2-propanol solution, known as "two-step" method. 24 Finally, the prepared devices were encapsulated in vacuum, followed by cold isostatic pressing under different pressure (Fig. 1c , see ESI for more details †). In these devices, both MAPbI 3 and FAPbI 3 perovskite can harvest light and generate photoelectrons, which could be collected by mesoporous TiO 2 layer. Meanwhile, the corresponding holes at their valence band were collected by carbon counter electrode, forming photocurrent (energy level diagram is presented in Fig. 1b) .
XRD measurement was used to identify the FA x MA 1Àx PbI 3 perovskite in the device. As shown in Fig. 2 Interestingly, seen from the front side, all of the active area became darker aer the treatment of CIP (inset, Fig. 3 ). The microstructure of these devices was characterized by scanning electron microscopy (SEM) from cross section. Before CIP treatment, we can clearly see the carbon layer, composed of aky graphite and small carbon black particles, shows loose and porous morphology with the thickness of 10 mm (Fig. 3a) . However, aer CIP treatment, all of the three layers were compressed and it's hard for us to identify the boundaries (Fig. 3a) . This will help the holes transfer from perovskite to carbon and as a result, reduce the overall cell resistance (R cell ). J-V curves of the champion cell before and aer the CIP 150 treatment are shown in Fig. 5 . Aer CIP 150 procedure, the value of R cell determined by the slope of the curve dropped from 17.2 U to 8.9 U, rendering higher FF. PCE of the cell increased from 9.10% to 11.6%, with growth of 27%.
Long-term stability of the cells without encapsulation was tested at 25 C and 50% relative humidity (Fig. 6) . Aer 1000 h, Fig. 2 The XRD spectra of the blank TiO 2 /ZrO 2 /carbon film and PbI 2 in the TiO 2 /ZrO 2 /carbon film, and the FA x MA 1Àx PbI 3 based cell. the cell without CIP treatment almost lost all of its performance. However, the cell treated by CIP 75 maintained 85% of its initial PCE aer 1000 h, but decayed quickly in the next 200 h. Surprisingly, the performance parameters of the cell treated by CIP 150 have no obvious degradation even aer 1500 h. The good stability of the CIP-treated cells in humidity should attribute to the compact surface of the cell. To conrm this, contact-angle measurements were conducted on the carbon layer on top of the cells (see Fig. 7 ). Without CIP treatment, the carbon layer lled with perovskite showed a contact angle of 60 to water. However, by using CIP treatment, the value of contact angle goes up with increasing pressure. As we can imagine, with more compact structure and larger contact angle to water, the carbon/perovskite layer on top of cell will offers better protection against moisture, and eventually, improves stability.
Conclusions
In sum, cold isostatic pressing (CIP) method was used for enhancing the performance of hole-conductor-free perovskite solar cells with a triple-layer structure (TiO 2 /ZrO 2 /carbon). Aer CIP process, the mesoporous lms lling with perovskite absorber were pinched by the pressure and thus have high compactness. Hence, the charge transport resistance of the solar device can be reduced and moisture can also be blocked by the compact carbon layer. As a result, the champion solar cell enhanced its efficiency from 9.10% to 11.6% via CIP process and showed superior stability (1500 h) in 50% relative humidity circumstance.
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